Abstract. 2-mercaptonicotinic acid (H 2 mna = 2-HS(C 5 H 3 N)COOH) gave a thiolato compound of the formula Hg(Hmna) 2 by a reaction with various mercury(II) salts, HgX 2 (X = Cl − , Br
INTRODUCTION
The coordination chemistry of polyfunctional ligands can be interesting from the point of view of their selective binding to different metal ions. They are widespread in biological systems, including amino acids and nucleic acids. It is a well known fact that mercury(II) ions interact with many biological molecules through coordination with a thiole, imidazole, amino or carboxylate group. 1 The biological chemistry of mercury is dominated by interactions with the cysteine thiolato group which is consistent with Pearson's hard and soft acids and bases (HSAB) principle. 2, 3 Mercury(II) complexes with sulphur-donor ligands can be used to imitate mercury interactions in biological systems. 4 A common feature of nitrogen-containing heterocyclic thiones is the thione and thiol tautomerism as shown for H 2 mna in Scheme 1. Furthermore the monoanion and dianion forms of H 2 mna can be obtained by deprotonation (Scheme 1).
In the past years complexes of different transition metals with 2-mercaptonicotinic acid have been reported. 5 −16 H 2 mna upon deprotonation exhibits three potential binding sites for metal centers. Deprotonated H 2 mna can act through the pyridine nitrogen atom, carboxylate or thiolate groups as a monodentate, bidentate or bridging ligand, particularly for transition metal ions. Coordination modes found for the monoanion (a−e) and the dianion (f−h) are shown in Scheme 2.
As a part of our continuous study of mercury(II) complexes with heterocyclic thiones as polyfunctional ligands 16−26 we investigated the reaction of H 2 mna with mercury(II) halides and thiocyanate in ethanol or methanol solutions and in two molar ratios of reactants (1:1 and 2:1). The reaction of mercury(II)
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acetate and H 2 mna in an aqueous-ethanol solution was also investigated. We report here the synthesis and characterization of Hg(Hmna) 2 by vibrational spectroscopy and thermal analysis and the crystal structures of uncoordinated H 2 mna and of HgBr 2 (CH 3 -Hmna) 2 which were determined by single-crystal Xray structure analysis.
The structure of free H 2 mna was reported earlier in a Note describing a silver cluster with 2-mercaptonicotinic acid, however, the description of H 2 mna is very scarce. 10 In addition, in the manuscript there is no mention of the Flack parameter and the absolute structure determination which we have done here. Synthesis of Dibromobis(3-metoxycarbonylpyridine-2-thiolato-S)mercury(II), HgBr 2 (CH 3 -Hmna) 2 A solution of 2-mercaptonicotinic acid (0.26 g, 1.69 mmol) in 150 ml of methanol was added drop wise to a solution of the mercury(II) bromide (0.30 g, 0.83 mmol) in 5 mL methanol. Hg(Hmna) 2 was filtered off, washed with cold methanol and dried in air. Yield: 0.39 g (90 %). From the filtrate a few crystals of HgBr 2 (CH 3 -Hmna) 2 were obtained in the form of thin needle-shaped stellar conglomerates after two weeks. Unfortunately, the amount was insufficient for elemental and spectroscopic analysis. . The samples were heated from room temperature up to 500 °C. The data collection and analysis was performed using the program package STARe Software 9.01. 27 X-ray structural analysis Single crystals of H 2 mna suitable for X-ray diffraction were obtained by recrystallization from dimethylsulfoxide. Data collection was performed on a Philips PW 1100 four circle diffractometer with graphite monochromator and controlled by the program STADI4. 28 The data were corrected for Lorentz-polarization effects by the program X-RED. 29 It was difficult to obtain single crystals of HgBr 2 (CH 3 -Hmna) 2 since they had to be broken from stellar conglomerates of thin needle-shaped crystals.
EXPERIMENTAL

Methods
IR and Raman spectroscopy
Many crystals had to be tested before finding one of good quality for diffraction. The single-crystal X-ray diffraction data were collected by -scans on an Oxford Diffraction Xcalibur 3 CCD diffractometer. Data reduction that included an empirical absorption correction using spherical harmonics was performed using the CrysAlisPro software package. 30 Solution, refinement and analysis of the structures were done using the programs integrated in the WinGX system. 31 The structure of H 2 mna was solved by direct methods while that of HgBr 2 (CH 3 -Hmna) 2 was solved by the Patterson method using SHELXS. 32 The refinement procedure was performed by the full-matrix least-squares method based on F 2 against all reflections using SHELXL. 32 The non-hydrogen atoms were refined anisotropically. The Flack parameter confirmed the correct absolute structures. 33 Graphite-monochromated Mo-K  radiation ( = 0.71073 Å) was used for both data collections at room temperature. Details of data collection and crystal structure refinement are given in Table 1 .
The hydrogen atoms belonging to the oxygen O2 atom of the COOH group and to the pyridine nitrogen N atom in H 2 mna were found in the difference electrondensity maps at the end of the refinement procedure as a small electron density with appropriate geometry (O1−H1O 0.90(3) Å, N−H1N 0.86(2) Å). Location of the hydrogen atom at O1 was supported further by the geometry of the COOH group (C6−O2 1.213(2) Å and C6−O1 1.321(3) Å) clearly making difference between single C−O and double C=O bonds. 34 The positions of hydrogen atoms belonging to the Csp 2 atoms were geometrically optimized applying the riding model (Csp 2 −H 0.93 Å, U iso (H) = 1.2 U eq (C)). All hydrogen atoms on the pyridine ring in HgBr 2 (CH 3 -Hmna) 2 were located in the difference Fourier maps. Because of poor geometry for some of them they were placed in calculated positions and refined using the riding model.
The geometrical calculations and molecular graphics were done with PLATON98 35 and Mercury 3.0.
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RESULTS AND DISCUSSION
The reaction of 2-mercaptonicotinic acid with various mercury(II) salts, HgX 2 (X = Cl ‾ , Br ‾ , I ‾ , SCN ‾ ) in an ethanol or methanol solution irrespectively of the molar ratio of the reactants (1:1 or 1:2) resulted in a thiolato compound of the formula Hg(Hmna) 2 . The same compound was obtained from the reaction of mercury(II) acetate in an aqueous-ethanol solution. Unfortunately all attempts to get single crystals by means of recrystallization and by varying experimental conditions have failed. Quite unexpectedly, HgBr 2 (CH 3 -Hmna) 2 was obtained from the reaction of H 2 mna with HgBr 2 in methanol after filtering off the principle product Hg(Hmna) 2 . In this complex the ester of 2-mercaptonicotinic acid occurred. Such esterification was observed in solutions containing molybdenum complexes. 9, 37, 38 IR, Raman and NMR spectra Fundamental vibrational modes for H 2 mna and Hg(Hmna) 2 were assigned in accordance with the literature data regarding metal complexes with H 2 mna. 7, 8, 10, 13, 39 Croat. Chem. Acta 85 (2012) 515.
By comparing the IR and Raman spectra of the free ligand molecule and its metal complex we could conclude about the coordination mode of H 2 mna. Characteristic IR bands of H 2 mna and Hg(Hmna) 2 are listed in Table 2 (IR spectra can be requested from the authors as supplementary material). The IR spectra shows vibrational bands which have been assigned mainly to CN modes of the thioamide group (thioamide I and thioamide II) and CS modes of the thioamide group (thioamide III and thioamide IV). , suggests that H 2 mna in the solid state exists in the thione rather than the thiol form (Scheme 1). This was also determined by the X-ray structural determination of H 2 mna. Position of the band assigned to the  (C=O) carbonyl stretching, in the IR-spectrum of Hg(Hmna) 2 at 1686 cm 1 , clearly indicates that the carboxyl group ) in the IRspectrum of Hg(Hmna) 2 indicates that the thiolate is bound to the metal ion. 40 The thioamide bands I and II are shifted to a lower wavenumber in the IR-spectrum of Hg(Hmna) 2 indicating that the nitrogen atom does not participate in coordination. 7 The thioamide band III at 1075 cm 1 shifts to a lower wavenumber upon coordination (1051 cm
1
). The most significant change has been observed for the thioamide band III and  (C=S), supporting coordination through the ligand sulphur atom. 10, 41 Information on the Hg−S vibrational modes can be obtained from low frequency Raman spectra. The frequency range of the Raman active Hg−S stretching vibration for mercury(II) thiolates is 400180 cm
. 42 Position of the Hg−S stretching mode depends on the coordination number of mercury. In the Raman spectrum of Hg(Hmna) 2 the medium band at 378 cm 1 is observed. This band can be assigned to a (Hg−S) stretching vibration. One Raman active stretching mode is consistent with the linear coordination of mercury(II).
The medium band at 175 cm 1 can be tentatively assigned to  (S−Hg−S) bending.
Assignment of the NMR spectra of the free ligand in both tautomeric forms and its mercury(II) complex are shown in Tables 3 and 4 , respectively. The enumeration of carbon atoms are displayed in Scheme 1.
Signals in the 1 H NMR spectra of 2-mercaptonicotinic acid in DMSO-d 6 correspond to the thione tautomer form, what is in agreement with literature 43 for similar compounds. The very broad 1 H signal belongs to both NH and COOH protons of 2-mercaptonicotinic acid. This was proven by addition of a small amount of Na 2 CO 3 which neutralizes the acid and interrupts the hydrogen bonding as was revealed by an upfield shift of the NH proton.
The thiol form appears after a few weeks in a DMSO-d 6 solution or immediately by addition of HCl.
As expected, the chemical shifts of thiol and thione forms are different. The shielding effect of the C=S group upon the H-5 atom in the thione form is greater than that of the C−SH group upon H-5 atom in the thiol form, both being in the para position to the H-5.
The chemical shifts (δ/ppm) and the C−H coupling constants (J CH /Hz) in 13 C NMR spectra of 2-mercaptonicotinic acid in DMSO-d 6 solution also correspond to the thione form. Two-bond deuterium isotope effect from N−D to C-6 is observed, amounting to 40 ppb, while four-bond deuterium isotope effect on the carboxyl carbon atom is not detected.
The 1 H and 13 C NMR spectra of bis(pyridine-3-carboxy-2-thiolato-S)mercury(II), Hg(Hmna) 2 in DMSO-d 6 solution are similar to the spectra of the ligand molecule in the thiol form, which corroborates that the ligand in the mercury complex is in the thiol rather than in the thione form. The NMR data display that both a number of hydrogen and carbon atoms in complex are sensitive to mercury binding. 44 Thus in the mercury complex the COOH proton is shifted upfield, which can be clearly seen since there is no NH proton in the thiol form to overlap with COOH. A considerable downfield shift, amounting to 6.3 ppm at the C-2 carbon in Hg(Hmna) 2 and upfield shifts at C-6 and C-5 atoms, with the fact that the chemical shift of the COOH carbon barely changed, is consistent with S-bonded ligand to mercury. In the case of N,S-chelation, a downfield shift of C-6 should be observed. 7, 9 Thermal Analysis TG and DSC analysis of H 2 mna and Hg(Hmna) 2 were also performed. The samples were heated from room temperature to 600 C (TG) and from room temperature to 500 C (DSC). TG curve of H 2 mna show two degradation steps. Small mass loss (approx. 5 %) due to the sublimation of H 2 mna is observed in the first step. This step is represented by an endothermic peak at 233 C on the DSC curve. Endothermic minima at 261 C with a corresponding mass loss of 90 % represents almost complete degradation of H 2 mna. Degradation of Hg(Hmna) 2 proceeds over two overlapping steps in the range 253555 C. The first step corresponding to the elimination of both ligands without the sulphur atoms is represented by two endothermic DSC peaks at 254 and 261 C. A broad endothermic peak at 408 C on the DSC curve of Hg(Hmna) 2 corresponds to the thermal degradation of HgS followed by evaporation of mercury.
Crystal Structure of H 2 mna
2-mercaptonicotinic acid (Scheme 1, Figure 1 ) exists in the crystalline state in the thione tautomeric form as it was previously established by vibrational spectroscopy according to the absence of the SH vibration characteristic for the thiol form, by the presence of the NH vibration band 9 and also from the previously reported crystal structure. 10 The thione tautomer is established to be the dominant form in the crystalline state for heterocyclic thiones.
Bond distances and valence angles are given in Tables 5 and 6 , respectively. The molecule is planar with the greatest deviation of the atom O2 of 0.059(2) Å from the least-squares plane through the ring atoms. The C ar −S bond distance of 1.703(2) Å corresponds to a C−S bond of significant -character within the structures of heterocyclic thiones (the average value is 1.671 Å for the Csp 2 =S bond distance type in the structural fragment (X) 2 −C=S where X = C, N, O, S) 34 and can be regarded as a thioketo bond. According to the literature 45 the bond length of 1.703(2) Å possesses 50 % of -character. The pyridine ring C ar C ar bond lengths exhibit a quinoid character with the longest C1C2 bond distance of 1.421(3) Å.
Hydrogen bond geometry is listed in Table 7 . The thione S atom forms a six-membered pseudo-aromatic chelate ring by an intramolecular hydrogen bond of the O−HS type with the OH group of the carboxyl moiety (2.895(2) Å). The molecules are connected by the intermolecular N−H1···O2 (1/2 + x, 1/2 − y, −1 + z) hydrogen bonds into infinite chains (Figure 2 ) spreading parallel to the 102 direction alternating along the b-axis (shifted by b/2) with chains parallel to the 10-2 direction. The formation of such intra-and intermolecular hydrogen bonds compensate the energetically less favoured thione form. Namely, the SH group is less acidic than the NH group i.e. it is not such a good proton donor group in the hydrogen bond formation.
Crystal Structure of HgBr 2 (CH 3 -Hmna) 2 In the crystal structure of HgBr 2 (CH 3 -Hmna) 2 the mercury atom lies on a two-fold axis and is coordinated by two sulphur atoms from two 3-metoxycarbonylpyridine-2-thiolato ligands and by two bromine atoms in a deformed tetrahedral arrangement (Figure 3 , Tables 5  and 6 ). The smallest angle within the tetrahedron is that of Br−Hg−Br (3/2 − x, 1/2 − y, z) of 98.87(2)°, while the greatest one is S−Hg−S (3/2 − x, 1/2 − y, z) of 131.33(5)°. The Cambridge Structural Database 46 search gave 28 structures with the mercury atom tetrahedrally coordinated by two sulphur atoms and two bromine atoms. In these structures the bond lengths vary significantly and appear in a wide range, Hg−S 2.45 to 3.19 Å and Hg−Br 2.38 to 3.01 Å. In the present structure the HgS (Table  7 , Figure 4 ). There are only weak contacts of the CH···O type between the molecules.
The Csp 2 −S bond distance of 1.710(6) Å is lengthened in relation to the distance found in free H 2 mna due to metal coordination. The lengthening is caused by reduction of the π character of the C−S bond. The CH 3 -Hmna ligand is more distorted from planarity, the deviation of the atom O2 is 0.298(4) Å from the least-squares plane through the ring atoms.
CONCLUSION
The reaction of 2-mercaptonicotinic acid with various mercury(II) salts, HgX 2 (X = Cl − , Br − , I − , SCN − ) in an ethanol or methanol solution irrespectively of the molar ratio of the reactants (1:1 or 1:2) resulted in the mercury complex, Hg(Hmna) 2 , with two ligands of 2-mercaptonicotinic acid linearly bound through the Satom. The same compound was obtained from the reaction of mercury(II) acetate in an aqueous-ethanol solution.
The absence of the  (S−H) absorption at 2500 cm 1 in the IR-spectrum of the free H 2 mna, and pres- 
